Introduction
Space development has provided a lot of contribution to the human society such as the Global Positioning System, weather forecast, and communication. Today, 3500 satellites fly in the Earth orbits. Thrusters, which are usually installed on spacecraft, are indispensable for orbital transfer, station keeping, and attitude control. Conventionally, nitrogen tetraoxide (NTO)/hydrazine (H2N4) or their variants have been generally used as bipropellant. Due to hypergolicity, combustion is readily initiated by impingement of fuel and oxidizer, and resultantly requires neither igniter nor its electric circuit. Nevertheless, conventional bipropellants necessitate careful and special handling because of toxicity, and this increases cost in ground tests. Additionally, a relatively high freezing point of 1.1 requires temperature management for storage.
In this study, we purpose a new eco-friendly thruster using nitrous oxide (N2O) and dimethyl ether (DME). A 0.4-N class N2O/DME bipropellant thruster was prototyped, and tested in a vacuum chamber in order to evaluate the performance. Characteristic velocity efficiency (C* efficiency) and specific impulse has evaluated by measuring thrust and combustion chamber pressure.
Features of proposed thruster
The proposed thruster possibly has the following features. A propellant tank will be more compact than that of conventional bipropellant thrusters because N2O/DME bipropellant has higher specific gravity; N2O has 1.53, and DME has 1.59. This bipropellant is neither toxic nor reactive to materials, and this reduces costs for ground tests and manufacturing. N2O and DME, which are a liquefied gas of 3.18-and 0.5-MPa in vapor pressure, are storable in a liquid form, and fed in a gaseous form simply by managing pressure and temperature. The vapor pressures allow to feed the propellant itself without pressurant, and accordingly, simplify propellant feed systems. Feeding propellants in gaseous form to the combustion chambers can eliminate time for evaporation, which is a rate limiting process in combustion chamber. Hence, storage in a liquid form with gaseous injection possibly downsizes both tanks and thrust chamber.
1-3) Figure 1 shows a dependence of theoretical Isp on oxidizer to fuel ratio (O/F) for an area ratio of 50 and combustion chamber pressure of 0.4 MPa. N2O/DME bipropellant produces a maximum theoretical Isp of 290 s at O/F=3.5. Whereas maximum theoretical specific impulse for N2O/DME is lower than for that for NTO/H2N4, the N2O/DME thrusters have features: safetiness, simplicity and non-toxicity. Nozzle area ratio 1.3 (designed so that the thruster presents optimum expansion at the atmospheric back pressure) Figure 2 shows a schematic diagram of experimental apparatus. A prototyped thruster was placed on a thrust stand in a cubic vacuum chamber. A flow rate of N2O and DME was controlled by a mass flow controller. Table 1 and Fig. 3 present configuration and a schematic of the prototyped thruster. Gaseous N2O and DME were separately supplied to buffers for suppressing pressure spike at ignition. Then, propellants were fed to the combustion chamber through an injector. Combustion was initiated with a spark plug, and the combustion products were expelled through a nozzle, which had a throat diameter of 0.785 mm 2 and area ratio of 1.3. The nozzle was designed so that the thruster produced 0.4-N vacuum thrust with optimum expansion at atmospheric ambient pressure.
Experimental apparatus

Prototyped thruster
Three types of injectors with 26 holes of 1-mm diameter were designed to promote mixing, as shown in Fig. 4 . The injector (a) is a shower head type, and (c) is a unlike impingement type injector of 30 ° in impingement angle. The injector (b), which consisted of the injector (a) and a subsequent orifice of 177 mm 2 in section, was designed to promote mixing with a simple structure. Unlike conventional bipropellant thrusters, gaseous propellant can be mixed with such a simple mixer. In the injector (b), the orifice forced N2O and DME to be impinged before passing through it, and produced vortex and recirculation in the combustion chamber. Impingement and subsequent recirculation would effectively promote combustion. Isp and stoichiometric reaction at O/F=3.5 and 5.7, respectively. Mass flow rates were determined so that thruster yields a 0.4-N vacuum thrust. Figure 5 shows a schematic of a vacuum chamber, which a pendulum-type thrust stand was fixed on. The vacuum chamber was evacuated with a vacuum pump. For safety, during thruster firing, nitrogen was supplied to the vacuum chamber, whereas this increased an ambient pressure up to 40 kPa. Despite increase in ambient pressure, dilution was necessary because unburned mixture of N2O and DME was exhausted before ignition with the rotary pump, which repetitively confined the evacuated gas to oil submerged small chambers. Moreover, after ignition, carbon monoxide, another flammable gas, can be filled in the rotary pump. Hence, nitrogen was fed to prevent spontaneous ignition inside the rotary pump. The pendulum-type thrust stand was used to measure thrust. Figure 6 shows a schematic of the thrust stand. A pendulum was fixed with a torsional hinge, and its displacement was measured with a laser displacement sensor.
Vacuum chamber
An oil damper, which was used to attenuate pendulum oscillation that was induced by sudden changes in thrust, was designed in the way such that the pendulum showed critical damping. An adjuster using two coil springs and screws were settled in the bottom of the thrust stand to adjust the equilibrium position. The thrust stand was calibrated with a load cell. The calibration showed approximately 2-mm displacement for 1-N thrust. 
Experimental results and discussion
Time history for injector (c)
The injector (c) yielded stable combustion and plume, as shown in Fig. 7 . Figure 8 shows a time history of thrust and combustion chamber pressure. For the first 10 s after the igniter started to produce repetitive sparks at 60 Hz, combustion was repeatedly started and terminated. Afterwards, the thruster yielded stable combustion and plume from the nozzle. Thrust and combustion chamber pressure were stable, and gradually increased with time. At O/F=3.5, the thruster produced a C* efficiency of 62.6 %, Isp of 114 s, and Isp efficiency of 61.4 %. For O/F=5.7, the thruster presented a C* efficiency of 67.2 %, Isp of 98 s, and Isp efficiency of 50.0 %. Figure 9 shows a time history of thrust and combustion chamber pressure for the injector (a). Combustion was repetitively started and intermitted while the spark plug repeatedly produced electric discharge at 60 Hz, owing to such unstable combustion, and the thruster produced a negligible thrust. At 140 s after ignition, the thruster suddenly stopped to produce combustion. This is because a filament-like soot was bridged between electrodes of the spark plug. The soot possibly originated from DME, since the injector (a) design allowed DME, which was not mixed with N2O, to pass in the vicinity of the spark plug. 
Time variation for injector (a)
Time history of injector (b)
The injector (b) yielded a stable combustion chamber pressure, as shown in Fig. 10 . Similar to the injector (c), the thruster initially presented unstable combustion, and afterwards maintained combustion stable until propellant feeding was interrupted. The thruster produced a C* efficiency of 68.7 %, Isp of 135 s, and Isp efficiency of 65.0 %, respectively. In the case of O/F=5.7, prototyped produced a C* efficiency of 69.3 %, Isp of 122 s, and Isp efficiency of 61.4 %. Figure 11 shows the dependence of specific impulse on O/F. The injector (b) yielded the highest Isp among the tested injectors, and the injector (c) shows slightly lower Isp than (b). In contrast, the injector (a) produced the lowest Isp because of intermittent combustion. The dependence of C* efficiency on O/F is coincident with that for Isp. From these results, mixing affected the C* efficiency for N2O/DME thrusters. Focusing on the injectors (a) and (c), conventional impingement injectors enhanced C* efficiency in the proposed thruster. The injector (b) produced higher C* efficiency than the injector (a). Hence, the injector (b), which had simpler structure than conventional impingement-type, had a potential to mix liquefied gas propellant owing to the orifice and to enhance performance. From these results, not only conventional impingement type injector, but also the new injector using shower head with the subsequent orifice were effective to N2O/DME bipropellant thruster.
Dependence on injector type
Summary
The following is the summary of this study. We proposed an N2O/DME bipropellant thruster in order to develop an environmentally-friendly bipropellant thruster. A thruster was prototyped to produce stable thrust and enhance Isp and C* efficiency. In order to clarify the dependence of performance on mixing of oxidizer and fuel, three types of injectors were designed; the injector (a) was shower head type, (b) shower head type with subsequent orifice, and (c) conventional unlike-impingement type. The thruster using the injector (b) initially presented unstable combustion. Stable combustion was yielded at approx. 30 s after ignition for O/F=3.5. The injector (b) yielded Isp efficiency was 65 %, C* efficiency was about 69 %. The injector (b) yielded the highest performances among the tested injectors, and the injector (c) shows slightly lower performances than (b).
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